Dysplasia is a histologic precursor of esophageal squamous cell carcinoma (SCC). We previously showed that dietary freeze-dried, or lyophilized, strawberry powder inhibits N-nitrosomethylbenzylamine-induced SCC in the rat esophagus. On the basis of this observation, we conducted a randomized (noncomparative) phase II trial in China to investigate the effects of two doses of freeze-dried strawberries in patients with esophageal dysplastic lesions in a high-risk area for esophageal cancer. We randomly assigned 75 patients identified by endoscopy to have dysplastic esophageal premalignant lesions to receive freeze-dried strawberry powder at either 30 g/d (37 patients) or 60 g/d (38 patients) for six months; the powder was mixed with water and drunk. After six months, we assessed the changes in histologic grade of these lesions (primary endpoint) in a blinded fashion. The dose of 30 g/d, did not significantly affect histology or any other measured parameter. The dose of 60 g/d, however, reduced the histologic grade of dysplastic premalignant lesions in 29 (80.6%) of the 36 patients at this dose who were evaluated for histology (P < 0.0001). The strawberry powder was well tolerated, with no toxic effects or serious adverse events. Strawberries (60 g/d) also reduced protein expression levels of inducible nitric oxide synthase (iNOS) by 79.5% (P < 0.001), cyclooxygenase-2 (COX-2) by 62.9% (P < 0.001), phospho-nuclear factor kappa B (NFkB)-p65 (pNFkB-p65) by 62.6% (P < 0.001), and phospho-S6 (pS6) by 73.2% (P < 0.001). Freeze-dried strawberries (60 g/d) also significantly inhibited the Ki-67 labeling index by 37.9% (P ¼ 0.023). Our present results indicate the potential of freeze-dried strawberry powder for preventing human esophageal cancer, supporting further clinical testing of this natural agent in this setting. Cancer Prev Res; 5(1); 41-50. Ó2011 AACR.
Introduction
Esophageal cancer remains a major public health concern worldwide. The 2 main types of esophageal cancer, squamous cell carcinoma (SCC), and adenocarcinoma (AC), have distinct etiologic and pathologic characteristics. More than 90% of esophageal cancer cases worldwide are SCC, and about 5% are AC (1) . Esophageal SCC is one of the most common malignant neoplasms worldwide. Most patients present with advanced, metastatic disease at the time of diagnosis (2) . The prognosis for these cases is poor; only 1 in 5 survives more than 3 years after the initial diagnosis (3, 4) . The overall 5-year survival rate of esophageal SCC in the United States is only 13%, which is close to the observed rates in high-risk countries including China (5) .
There is substantial geographic variation in the occurrence of esophageal SCC, with China having the highest incidence in the world (6) . Esophageal SCC is the 4th most common cause of cancer death in China (7) . A number of prospective studies have identified areas of a high risk for esophageal SCC in the Taihang Mountains region of China; these areas include Linxian and Anyang in Henan province (8, 9) , Chaoshan in Guangdong province (10) , and Cixian in Hebei province (11) .
Esophageal carcinogenesis is a multistage process characterized by morphologic changes from normal esophagus to basal cell hyperplasia, dysplasia (mild, moderate, and severe), carcinoma in situ and SCC. Dysplasia is a histologic precursor of esophageal SCC and can be accurately visualized and targeted for biopsy by mucosal iodine staining during esophageal endoscopy (12) . Severe dysplasia is usually treated either by endoscopic mucosal resection or argon plasma coagulation, whereas mild or moderate dysplasia generally is not treated but monitored by routine endoscopy. About 25% of patients with mild dysplasia and 50% of patients with moderate dysplasia will develop esophageal SCC over the subsequent decades (13, 14) . Therefore, mild and moderate dysplasia are excellent surrogate endpoint biomarkers for the assessment of candidate chemoprevention agents.
Nitrosamine carcinogens in tobacco smoke, in the diet, and produced in the acidic conditions of the stomach seem to be important causative agents of esophageal SCC (15) . Our laboratory has used the model of N-nitrosomethylbenzylamine (NMBA)-induced esophageal cancer in rats to identify putative chemopreventive agents, including natural food products, to prevent this disease. In our previous investigations, we found that freeze-dried, or lyophilized, strawberries and black raspberries (BRB) have chemopreventive potential in this preclinical animal model. Dietary freeze-dried strawberries significantly inhibit tumor development in the rat esophagus by inhibiting the metabolism of NMBA to DNA-damaging species and by reducing the growth rate of premalignant cells (16) . The inhibition of rat esophageal tumorigenesis by BRBs was associated with its downregulation of genes involved in inflammation, gene transcription, and angiogenesis, genes including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), c-Jun, and VEGF (17, 18) .
Epidemiologic studies have revealed the protective effects of raw fruit and vegetable consumption on the development of several types of cancer in humans, and several studies have shown the protective effects of berry components, including the Nutrition Intervention Trial (NIT) conducted in Linxian, China. NIT showed that a triple combination of micronutrients also present in berries-reduced cancer mortality (19) . A study conducted by Nouraie and colleagues suggested that high intake of vitamin C and tocopherols were protective for gastric noncardia cancer (20) . None of the relevant epidemiologic studies reported to date have provided convincing evidence of a protective effect of whole berry consumption on the occurrence of any cancer type in humans (21) . Lyophilized BRBs have shown preventive effects in a small clinical study in 10 patients with Barrett's esophagus, a precursor of esophageal AC (22) . This study found that 6-month BRB treatment inhibited oxidative stress, an effect that was detected via reduced levels of 8-epi-prostaglandin F2a (8-Iso-PGF2) and 8-hydroxy-2-deoxyguanosine (8-OHdG) in the urine. Until now, neither strawberries nor BRBs had been evaluated for chemopreventive effects against precursor lesions for esophageal SCC in humans.
We now report a randomized phase II trial we conducted to investigate the effects of freeze-dried strawberries in a cohort of adult individuals with esophageal dysplastic lesions in the Henan and Shandong provinces of China where the population is at the highest risk for esophageal cancer in the world. We assessed the effects of strawberries, which are the major berry grown in China, on the histologic grade of precancerous lesions and on biomarkers of cell proliferation, inflammation, and gene transcription.
Materials and Methods

Chemicals and reagent kits
Ki-67 antibody was obtained from Signet Laboratories. iNOS antibody was purchased from Santa Cruz Biotechnology. COX-2 antibody was purchased from Cayman Chemical Company. The antibodies for nuclear factor kappa B-p65 (NFkB-p65), phospho-NFkB-p65 (pNFkB-p65), S6, and phospho-S6 (pS6) were obtained from Cell Signaling Technology. The NuPAGE LDS sample buffer, NuPAGE sample reducing agent and 7% NuPAGE Novex Tris-acetate gel electrophoresis were obtained from Invitrogen. The Immun-star WesterC Kit was purchased from Bio-Rad Laboratories.
Lyophilized strawberries
Freeze-dried strawberries (Fragaria ananassa) were obtained from the California Strawberry Commission. Berries were hand harvested into plastic trays, transported to the processing facility and sorted, washed and frozen within 24 hours of harvest. Berries were then shipped frozen to Van Drunen Farms for dehydration, grinding to powder, and packaging for shipment while frozen to the Ohio State University and then to Beijing, China, where they were kept frozen at À20 C until used in the trial. A single batch of lyophilized strawberry powder was used throughout this trial and was analyzed for content of certain vitamins, minerals, phenols, carotenoids, and phytosterols by Covance Laboratories (Table 1) .
Intervention procedures and sample collections
This study was approved by the Institutional Review Boards of the Peking Union Medical College Hospital, Chinese PLA General Hospital (Beijing, China) and the Ohio State University Cancer Center (Columbus, OH). Both males and females were included in the trial.
To be eligible for the trial, individuals were required to meet all the following inclusion criteria: (i) must be over the age of 40 and give informed consent; (ii) must be diagnosed with mild or moderate esophageal dysplasia; (iii) must be able to consume strawberry slurry in the span of 5 minutes; and (iv) have no prior history of intolerance or allergy to strawberry or strawberry-containing products.
Individuals were excluded from the trial if they met one of the following criteria: (i) with a current malignancy identified histologically (with a history of malignancy or with evidence of recurrent or persistent disease); (ii) with severe dysplasia; (iii) unable to give informed consent; (iv) undergoing chemotherapy or radiation therapy; (v) taking nonsteroidal antiinflammatory drugs (NSAID) including aspirin and cannot abstain from it due to a medical condition; and (v) pregnant or lactating.
Following completion of a detailed questionnaire on smoking/drinking habits and medical history, individuals interested in the study and who had the qualifications outlined above were asked to participate and sign an informed consent form. For the phase II trial, participants first underwent a physical examination and then were randomly assigned into 2 groups: 30 g/d (15 g Â 2) or 60 g/d (30 g Â 2) of freeze-dried strawberries (mixed with 240 mL of water); patients and health care providers were not blinded to treatment assignment. The participants were asked to drink the strawberry slurry slowly over a period of time, and return the empty bags of strawberries after the berries were taken. Compliance was assessed every 2 weeks (self-reports and empty bag counts) by a study associate.
Esophageal biopsies of dysplastic lesions were obtained before and after 6-months of strawberry treatment. During the endoscopy, 20 to 30 mL of 1.2% Lugol's iodine solution was sprayed onto the mucosal surface from the gastroesophageal junction to the upper pharyngoesophageal sphincter. The dysplastic lesions seemed unstained relative to the surrounding normal mucosa. Biopsies were taken from unstained (whitish) areas according to the following size in diameter: 5 to 19 mm, 1 biopsy sample; 20 to 39 mm, 2 biopsy samples; and 40 mm or more, 3 biopsy samples. One biopsy sample was fixed in 10% neutral-buffered formalin for overnight, transferred to PBS, embedded in paraffin, and sectioned in 4-mm thickness for histologic evaluation. The other biopsy samples were stored in liquid nitrogen and then transferred to a À80 C freezer for subsequent cellular/ molecular analyses.
Evaluation of histologic grade
The biopsy slides were stained with hematoxylin and eosin. The slides were independently reviewed by 3 gastrointestinal pathologists in a blinded fashion who were unaware of the participant's history, the intervention group assignments, the time the specimens were collected and visual endoscopic findings. When a discrepancy occurred among pathologists, the final diagnosis was determined by agreement of 2 of 3 pathologists. Esophageal tissues collected from study participants were classified as normal, hyperplasia, and dysplasia (mild, moderate, and severe). If multiple biopsies were taken, the worst histologic grade was recorded for data analysis.
Ki-67 immunohistochemistry staining
Ki-67 staining was carried out on paraffin-embedded biopsy specimens taken before and after berry treatment among all patients who have completed the 6 months of berry treatment. In brief, sections were incubated with antibody for Ki-67 (1:50, 1 hour, Signet Laboratories) after deparaffinized and blocked for nonspecific binding. Incubation with primary antibody was followed by 20 minutes incubation with secondary antibody (biotinylated immunoglobulin) and strepavidin-horseradish peroxidase label. The sections were developed with diaminobenzidine chromogen, and then counterstained with hematoxylin, dehydrated, and mounted. Stained slides were viewed and photographed with a Nikon Eclipse 80i microscope mounted with a high-resolution spot camera, which is interfaced with a computer loaded with image analysis software (NIS Element Research image analysis, version 3.1).
Western blot analysis
Proteins were extracted from frozen biopsy specimens from all patients who have completed the 6 months of berry treatment. Protein concentration was measured using a DC Protein Assay Kit (Bio-Rad Laboratories) according to the manufacturer's recommendations. Fifteen microgram of protein with NuPAGE LDS Sample Buffer and NuPAGE sample reducing agent (Invitrogen) were heated at 100 C for 5 minute. After cooling at room temperature for 5 minutes, proteins were fractioned by 7% NuPAGE Novex Tris-acetate gel electrophoresis (Invitrogen). Proteins were 
Statistical analysis
The primary endpoint of the phase II trial was histologic grade of esophageal lesions (which was dysplasia at baseline). We assessed the primary endpoint in each study arm, and we compared histologic grade before and after treatment; the study was not designed to compare the 2 arms. We estimated a treatment effect of an improvement in histologic grade (between baseline and 6 months) in 50% of the patients in each study arm. A sample size of 30 patients in each arm would be needed to detect this treatment effect on the primary endpoint with an 80% power for a 2-sided test with a 0.05 level of significance. We estimated a patient withdrawal rate of 17% over the 6-month clinical trial, based on data reported by Limburg and colleagues on their clinical chemoprevention trial of selenomethionine and celecoxib for 10 months in China (15) . Therefore, our overall accrual goal was 72 patients, 36 per arm, which would leave 30 evaluable patients per arm (36 À 17% Â 36) at 6 months after the estimated withdrawals. We recognized that the limited sample size of each arm could make it impossible to characterize the dose-response relationship if the biological endpoints exhibit substantial variability (however, the resulting information may be useful when developing recruitment and retention strategies in subsequent phase II and III trials).
The histologic grade of esophageal tissues, Ki-67 labeling index, and the protein expression levels of iNOS, COX-2, NFkB-p65, pNFkB-p65, S6, and pS6 were determined for biopsy samples that were collected before and after strawberry treatment. The histologic grade was assessed by McNemar test. Ki-67 labeling index of pre-and posttreatment biopsies and differences in protein expression levels of the above genes were compared by Student t test. All statistical analysis was carried out using GraphPad Prism 5.0. Differences were considered statistically significant at P < 0.05. All P values were 2-sided.
Results
Participant characteristics
Seventy-five participants were recruited to this trial and randomly assigned to receive freeze-dried strawberries at either 60 g (30 g Â 2/d; 38 participants) or 30 g (15 g Â 2/d; 37 participants) for 6 months (Fig. 1) . Patient characteristics of the 2 arms at baseline were similar ( (5 vs. 6 ) dysplasia between the arms. There were 37 males and 38 females, and the average age of all participants was 57 years (range, 41-72 years). All patients signed written, informed consent to participate in the study.
Histologic evaluation
Histologically, esophageal epithelium of participants in this study was characterized into 3 categories: normal, hyperplasia and dysplasia (mild and moderate). As shown in Fig. 2 , the normal esophageal epithelium is a nonkeratinizing, stratified, squamous epithelium. In hyperplasic epithelium, there is an increase in the number of basal cells, while the size and shape of the cells remains relatively unchanged. Squamous dysplasia is characterized by both architectural and cytologic abnormalities. The architectural abnormalities include epithelial disorganization, loss of cell polarity, and overlapping nuclei. The cytologic abnormalities include nuclear enlargement, hyperchromasia, and pleomorphism, increased nuclear/cytoplasmic ratio, and increased mitotic activity. Esophageal dysplasia was categorized into 3 grades: mild dysplasia (less than 25% of the thickness of epithelium), moderate dysplasia (less than 50% of the thickness of epithelium), and severe dysplasia (more than 50% of the thickness of epithelium). Because the patients with severe dysplasia are usually scheduled for surgery to have the lesion(s) removed, the participants who enrolled in this study had either mild or moderate dysplasia.
Among the participants, an average of 3.68 and 3.63 biopsy samples (range 2-5) were obtained from each participant at baseline and at the end of trial, respectively. Thirty-three (86.8%) and 31 (83.8%) patients who were diagnosed with esophageal mild dysplasia, and 5 (13.2%) 
Strawberries slow progression of precancerous growth
Of our 75 enrolled participants, 72 were evaluable for histology at the end of study-36 in each arm ( Fig. 1 ; Table  3 ). Among participants who consumed 30 g of strawberries a day for 6 months, we did not observe any significant regression or progression of precancerous growth in the esophagus when compared with pretreatment. Only 5 patients (13.9%) improved histologically, and only 1 patient had an increase in histologic grade-all 6 had mild dysplasia at baseline. There was no change in 30 patients. Among participants who consumed 60 g total of strawberries daily for 6 months, 31 patients were diagnosed with mild dysplasia (86.1%) and 5 patients with moderate dysplasia (13.9%) as indicated in Table 3 . After 6 months of strawberry treatment, in patients with mild dysplasia, there was no change in 4 patients, decrease in 26 patients (P < 0.0001) and an increase in 1 patient in histologic grade. In patients with moderate dysplasia, there was no change in 2 patients and a decrease in 3 patients in histologic grade. Overall, 29 of 36 participants (80.6%) treated with 60 g of strawberry powder daily experienced a decrease in histologic grade of the precancerous lesions during the study (P < 0.0001). The endoscopic appearance of normal esophagus and precancerous lesions before and after strawberry treatment is shown in Fig. 3 .
Strawberries inhibit protein expression of iNOS, COX-2, pNFkB-p65, and pS6
Western blot analysis was used to determine whether strawberries inhibited iNOS, COX-2, pNFkB-p65, and pS6 protein in esophageal mucosa after 6 months of berry treatment. Six months of a total 30 g/d of strawberry treatment statistically nonsignificantly decreased expression of the above proteins by 35.7% (iNOS), 25.5% (COX-2), 28.8% (pNFkB-p65), and 8.2% (pS6). As shown in Fig. 4, 6 months of a total of 60 g/d of strawberry treatment significantly inhibited protein expression of A1 A2
A3 A4
B1 B2 B3 B4 Figure 3 . Representative endoscopic images of esophagus before (A1, 2 and B1, 2) and after (A3, 4 and B3, 4) strawberry treatment. A1, 3 and B1, 3, endoscopic images of esophagus before iodine staining. A flat lesion with white patch (white arrows indicated) can be seen in A1, B1, and B3, although it is not clear. A2, B2, and B4, endoscopic images of the same lesion after iodine staining (white arrows indicated). Welldemarcated unstained mucosal areas are clearly observed. The histopathology reports showed that patient A had mild dysplasia (A1 and 2) before strawberry treatment and these lesions regressed to normal esophagus (A3 and 4) after strawberry treatment. Normal mucosa is smooth or mildly wrinkled and shows a diffuse change to brown with iodine staining (A3 and 4). Patient B had moderate dysplasia (B1 and 2) before treatment and mild dysplasia (B3 and 4) after treatment. iNOS (79.50% reduction, P < 0.001), COX-2 (62.9% reduction, P < 0.001), pNFkB-p65 (62.6% reduction, P < 0.001), and pS6 (73.2% reduction, P < 0.001) in human esophageal mucosa.
Strawberries inhibit cell proliferation
To evaluate the effect of strawberries on cell proliferation rate, all biopsy tissues of human esophagus collected before and after strawberry treatment were stained for Ki-67 protein by immunohistochemistry. As shown in Fig. 5 , Ki-67 labeling index was significantly reduced by treatment with 60 g/d of strawberries from 21.1 AE 9.6% at baseline to 13.2 AE 5.9% at the end of the study (37.9% reduction, P < 0.05). Six months of a total 30 g/d of strawberry treatment did not reduce the labeling index of Ki-67 (17.7 AE 8.5% before and 18.0 AE 9.0% after berry treatment).
Discussion
This study shows that lyophilized strawberries (60 g/d for 6 months) inhibit the progression of precancerous growth in patients who have been diagnosed with esophageal dysplasia, at least in part by reducing the protein expression of iNOS, COX-2, pNFkB-p65, and pS6 and the Ki-67 cell proliferation index. Patients who consumed lower-dose lyophilized strawberries (30 g/d for 6 months) did not experience a significant regression of esophageal dysplasia, cell proliferation, or expression of iNOS, COX-2, pNFkBp65, and pS6, although there may have been a modest biological affect on certain of these biomarkers. These results suggest that the 30-g dose was either not high enough and/or required a longer intervention to have chemopreventive effects. Furthermore, it may be that the 30-g dose was too dilute to be effective-15 g of strawberries mixed with 240 mL of water twice a day, versus 30 g mixed with the same amount of water twice a day (60-g preparation).
Pathologic and epidemiologic studies have found that there is a positive correlation between histologic progression of premalignant lesions from hyperplasia to dysplasia and increasing risk for esophageal SCC (13, 14) . Therefore, dysplasia is considered to be an important precursor of esophageal SCC and has been proposed as a surrogate endpoint biomarker that can serve as the primary endpoint of clinical trials of chemopreventive agents (14, 23, 24) . Endoscopy with mucosal iodine staining combined with histopathology has proved useful in identifying high-risk populations and offers multiple opportunities for assessment and intervention. Blocking the progression of premalignant lesions, such as epithelial dysplasia, to malignant SCC is an important component of chemoprevention of human esophageal SCC. Therefore, candidate chemopreventive agents that may inhibit progression of dysplasia in the esophagus have been tested in clinical trials, some of which did not have very encouraging results (25) (26) (27) (28) . For example, Limburg and colleagues found that neither selenomethionine nor celecoxib for 10 months inhibited esophageal SCC (14) . Selenomethionine had a protective effect in the subgroup with mild dysplasia, but the correlation was not significant (P ¼ 0.08). On the other hand, an earlier study by Lin and colleagues in Henan province in China found that the progression of esophageal dysplasia was inhibited by antitumor-B (a mixture of Chinese herbs) by 52.2% (3-year treatment) and 47.3% (5-year treatment) and by retinamide (4-ethoxycarbophenylretinamide) by 37.3% (3-year treatment) and 43.2% (5-year treatment; ref. 28) . The mechanism(s) of action for antitumor-B and retinamide in inhibition of esophageal dysplasia remain to be elucidated in future studies.
Strawberries are an abundant source of flavonoid compounds (e.g., ellagic acid, ferulic acid, coumaric acid, quercetin, and the anthocyanins), vitamins (e.g., vitamins A, C, and E and folic acid), and minerals (e.g., calcium, selenium, and zinc; ref. 29; Table 1 ). Many of the known compounds have antioxidant and antiinflammatory activities and protect against cancer including ellagic acid (30) , anthocyanins (31, 32) , ascorbic acid (vitamin C; ref. 33) , calcium (34) , and selenium (35) . The effective chemical composition of strawberries has not been fully determined. By freeze-drying the berries, these components are concentrated approximately 10-fold because strawberries are approximately 90% water by weight (21) . The obvious practical/clinical advantage of lyophilized strawberries is the 10-fold concentration of potentially chemopreventive components in a volume one-tenth that of fresh strawberries. For example, it would take consumption of 1 1/3 lb (600 g) of fresh strawberries to equal the 60-g dose of lyophilized strawberries in our present trial.
This study found that freeze-dried strawberries inhibited the progression of precancerous growth in the human esophagus. Our data suggest that strawberries reduced the expression levels of iNOS and COX-2, 2 enzymes previously shown in our laboratory to be upregulated in rat esophageal tumorigenesis (36, 37) . Strawberries also downregulated the expression of pNFkB and pS6 ribosomal protein in dysplastic lesions of the human esophagus. NFkB is a pivotal transcription factor mediating the expression of multiple genes including COX-2 and iNOS (38). NFkB has 2 major subunits, p50 and p65. Activation of NFkB results in a degradation of inhibitor kB alpha (IkB-a) by phosphorylation and translocation of NFkB to the nucleus. pNFkB-p65 is commonly used as an index for the activation of NFkB (39) . Strawberries may inhibit COX-2 and iNOS through the suppression of upstream mediators such as
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Cell proliferation and survial Cell proliferation NFkB. mTOR plays central roles in the regulation of cell growth and proliferation (40) . One of the downstream targets of mTOR is p70 S6Kinase , whose subtract is pS6, a component of the S40 ribosome subunit (41) . Measurement of pS6 by Western blot has been used to assess the activity of mTOR (42) . The current study shows that strawberries inhibit mTOR signaling through downregulation of pS6 in human esophageal precancerous lesions. Because iNOS (43), COX-2 (44), NFkB (45) , and mTOR (46) are overexpressed/activated in human esophageal SCC, agents like strawberries that inhibit these pathways may have chemopreventive potential in esophageal SCC. We depict the possible mechanisms of strawberries for inhibiting esophageal precancerous progression in Fig. 6 .
In summary, our present study showed for the first time that dietary strawberries (freeze-dried, 60 g/d for 6 months) significantly decreased the histologic grade of patients' precancerous esophageal lesions. Although the precise mechanisms of this promising effect remain to be elucidated, it seems to be associated, in part, with downregulation of genes involved in inflammation, cell proliferation, and gene transcription including COX-2, iNOS, NFkB, and mTOR. Biodirected fractionation studies are underway to identify the most active inhibitory components in strawberries.
Because our results show that strawberries have inhibitory properties during the promotion/progression stages of esophageal carcinogenesis in humans, strawberries may be an alternative or work together with other chemopreventive drugs for the prevention of esophageal cancer. On the basis of the promising results of this study and our overall program of strawberry research, we propose to test strawberries alone and combined with other preventive agents in randomized placebo-controlled trials in the future.
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